To explore the molecular basis for the distinct impact of different mutations in cTnT on cardiac myocytes, we studied mechanical activity of detergent-skinned muscle fiber bundles from different lines of transgenic (TG) mouse hearts that express wild-type cTnT (WTTG), R92W cTnT, R92L cTnT, and Delta-160 cTnT (deletion of amino acid 160). The amount of mutant cTnT is ϳ50% of the total myocellular cTnT in both R92W and R92L TG mouse hearts and ϳ35% in Delta-160 TG mouse hearts. Myofilament Ca 2ϩ sensitivity was enhanced in all mutant cTnT TG cardiac muscle fibers. Compared with the WTTG fibers, Ca 2ϩ sensitivity increased significantly at short sarcomere length (SL) of 1.9 m (P Ͻ 0.001) in R92W TG fibers by 2.2-fold, in R92L by 2.0-fold, and in Delta-160 by 1.3-fold. At long SL of 2.3 m, Ca 2ϩ sensitivity increased significantly (P Ͻ 0.01) in a similar manner (R92W, 2.5-fold; R92L, 1.9-fold; Delta-160, 1.3-fold). Ca 2ϩ -activated maximal tension remained unaltered in all TG muscle fibers. However, tension-dependent ATP consumption increased significantly in Delta-160 TG muscle fibers at both short SL (23%, P Ͻ 0.005) and long SL (37%, P Ͻ 0.0001), suggesting a mutation-induced change in crossbridge detachment rate constant. Chronic stresses on relative cellular ATP level in cardiac myocytes may cause a strain on energy-dependent Ca 2ϩ homeostatic mechanisms. This may result in pathological remodeling that we observed in Delta-160 TG cardiac myocytes where the ratio of sarco(endo)plasmic reticulum Ca 2ϩ -ATPase 2/phospholamban decreased significantly. Our results suggest that different types of stresses imposed on cardiac myocytes would trigger distinct cellular signaling, which leads to remodeling that may be unique to some mutants. cardiomyopathy; muscle contraction; calcium sensitivity; adenosinetriphosphatase MUTATIONS in a number of sarcomeric proteins are causal in familial hypertrophic cardiomyopathy (FHC) and play a key role in the evolution of systemic effects of this disease (23, 37). Clinical heterogeneity is a hallmark of FHC. The heterogenic nature of FHC in humans suggests a link between the type of mutation and the nature of pathological alterations in cardiac myocytes. The existence of multiple mutations in human cardiac troponin T (cTnT) with distinct morphological and functional phenotypes is indicative of how different stimuli may lead to unique phenotypes. There is little or no hypertrophy of the heart in humans with I79N and Delta-160 (Glu 160 is deleted) mutations in cTnT (40). In both examples, the risk of sudden death is high. Human hearts with R92W and R92L mutations exhibit varying degree of hypertrophy and incidences of sudden death (11, 27, 39) . Therefore, there is no direct correlation between hypertrophy and high incidences of sudden death.
To explore the molecular basis for the distinct impact of different mutations in cTnT on cardiac myocytes, we studied mechanical activity of detergent-skinned muscle fiber bundles from different lines of transgenic (TG) mouse hearts that express wild-type cTnT (WTTG), R92W cTnT, R92L cTnT, and Delta-160 cTnT (deletion of amino acid 160). The amount of mutant cTnT is ϳ50% of the total myocellular cTnT in both R92W and R92L TG mouse hearts and ϳ35% in Delta-160 TG mouse hearts. Myofilament Ca 2ϩ sensitivity was enhanced in all mutant cTnT TG cardiac muscle fibers. Compared with the WTTG fibers, Ca 2ϩ sensitivity increased significantly at short sarcomere length (SL) of 1.9 m (P Ͻ 0.001) in R92W TG fibers by 2.2-fold, in R92L by 2.0-fold, and in Delta-160 by 1.3-fold. At long SL of 2.3 m, Ca 2ϩ sensitivity increased significantly (P Ͻ 0.01) in a similar manner (R92W, 2.5-fold; R92L, 1.9-fold; Delta-160, 1.3-fold). Ca 2ϩ -activated maximal tension remained unaltered in all TG muscle fibers. However, tension-dependent ATP consumption increased significantly in Delta-160 TG muscle fibers at both short SL (23%, P Ͻ 0.005) and long SL (37%, P Ͻ 0.0001), suggesting a mutation-induced change in crossbridge detachment rate constant. Chronic stresses on relative cellular ATP level in cardiac myocytes may cause a strain on energy-dependent Ca 2ϩ homeostatic mechanisms. This may result in pathological remodeling that we observed in Delta-160 TG cardiac myocytes where the ratio of sarco(endo)plasmic reticulum Ca 2ϩ -ATPase 2/phospholamban decreased significantly. Our results suggest that different types of stresses imposed on cardiac myocytes would trigger distinct cellular signaling, which leads to remodeling that may be unique to some mutants.
cardiomyopathy; muscle contraction; calcium sensitivity; adenosinetriphosphatase MUTATIONS in a number of sarcomeric proteins are causal in familial hypertrophic cardiomyopathy (FHC) and play a key role in the evolution of systemic effects of this disease (23, 37) . Clinical heterogeneity is a hallmark of FHC. The heterogenic nature of FHC in humans suggests a link between the type of mutation and the nature of pathological alterations in cardiac myocytes. The existence of multiple mutations in human cardiac troponin T (cTnT) with distinct morphological and functional phenotypes is indicative of how different stimuli may lead to unique phenotypes. There is little or no hypertrophy of the heart in humans with I79N and Delta-160 (Glu 160 is deleted) mutations in cTnT (40) . In both examples, the risk of sudden death is high. Human hearts with R92W and R92L mutations exhibit varying degree of hypertrophy and incidences of sudden death (11, 27, 39) . Therefore, there is no direct correlation between hypertrophy and high incidences of sudden death.
Exactly how FHC-associated mutations in cTnT lead to different impaired cardiac function is not clear. In most cases, FHC is a disease that starts at the cardiac myofilament level. Therefore, if distinct mutations in sarcomeric proteins trigger different remodeling of the heart, it is likely that different mutations also elicit different responses at the myofilament level. To address important questions related to FHC mutations in cTnT on muscle function, many investigators have used various experimental approaches (for a review, see Ref. 15) . What is common in many of the assays is that various FHCassociated mutations in cTnT cause an increase in Ca 2ϩ dependence of actomyosin interactions (5, 23, 26) . How such increases in Ca 2ϩ sensitivity of actomyosin interactions lead to cardiac dysfunction is not understood. One possibility is that hypercontractility, a hallmark of these cTnT mutations, may eventually lead to marked increases in the usage of the available cellular pool of ATP. Mismatch between ATP synthesis and ATP usage by myocardial cells could be exacerbated when stress is imposed on the heart. A link between altered cardiac muscle energetics and development of the disease phenotypes has been made (19, 20) . Support for such a link between cardiac energetics and the phenotype is provided by the finding of mutations in AMP-activated protein kinase (AMPK), which has both protein kinase and transcriptional regulatory roles (1, 2, 12) . When stimulated, AMPK acts as a "cellular fuel gauge" to protect the cell from depletion of ATP by activating glycolytic and fatty acid uptake pathways during hypoxic stress or extreme metabolic demand. Hallmarks of FHC found in this example argue against alterations in myofilament Ca 2ϩ sensitivity or force production as the sole source of underlying etiology in FHC.
Alterations of myocardial energetics may also play a role in pathogenesis of FHC in mutations associated with sarcomeric proteins. Two independent 31 P NMR spectroscopy studies demonstrated that increased ATP usage in transgenic (TG) mouse models for mutations in myosin heavy chain (MHC) (R403Q) and cTnT (R92Q) led to a decrease in ATP reserve when inotropically challenged (19, 20, 33) . These 31 P NMR studies suggest that the negative impact of some cTnT mutations may be pronounced during increases in cardiac workload.
In the present study, we have compared steady-state mechanical activity of detergent-treated cardiac fiber bundles from TG mice that express two substitution mutants of mouse cTnT (R92L, R92W) and a mouse mutant cTnT in which Glu 160 has been deleted (Delta-160). Codon 92 in human cTnT (hcTnT) represents a hot spot for mutations in hcTnT because 3 of the 9 mutations have been found at this site (39) . Each of these mutations (R92L, R92W, and R92Q) is lethal in humans (27, 28, 39) . Because both R92 and E160 are conserved among all known sequences of troponin T, it is likely that they represent a structurally/or functionally important regions in cTnT. Both R92 and E160 lie within the region of cTnT that is considered to be important for establishing the size of the regulated functional unit [tropomyosin (Tm) 1 troponin (Tn) 1 -actin 7 ] in the cardiac sarcomere (31) and for modulating kinetic rates of transition between on and off states of Tm-Tn (30) .
The objective of the present study was to determine the unique molecular basis for mutations in cTnT that induce different pathogenic responses in cardiac myocytes. All of the three lines of TG mouse heart fibers show significant increases in Ca 2ϩ sensitivity and a prolongation of the relaxation phase in TG cardiac myocytes (13) . However, the phenotype of Delta-160 TG mouse myocytes is distinctly different from those of R92W and R92L TG mouse hearts (8, 9) . To provide new insight into the mechanism by which Delta-160 mutation elicits distinct alterations in myocytes, we determined the effect of cTnT mutations (Delta-160, R92L, and R92W) on the Ca 2ϩ -activated tension, ATPase activity, and tension-dependent ATP consumption in detergent-skinned muscle fiber bundles. An interesting observation in this study is that the tensiondependent ATP hydrolysis increased only in muscle fibers from Delta-160 TG mouse hearts. Our results suggest that different stresses imposed on cardiac myocytes would trigger distinct cellular signaling, which leads to cardiac myocyte remodeling that may be unique to some mutants.
METHODS
TG mice. hcTnT mutations were mapped to the mouse cTnT gene (36) , and mouse cTnT mutants were expressed in the mouse heart as described below. A 2,996-bp rat ␣-MHC promoter (36) was used to drive the cardiac-specific expression of four different lines of TG mice expressing the wild-type mouse cTnT (WT), the R92L mutation in cTnT (R92L), the R92W mutation in cTnT (R92W), and the deletion of E160 in cTnT (Delta 160), as described before (36) . To estimate the level of expression in the heart, cTnT in all TG constructs was tagged at the NH 2 terminus with an 11-amino acid human c-myc epitope (36) . Muscle fiber bundles from WTTG mouse hearts were used as the controls.
Isolation of detergent-skinned cardiac muscle fiber bundles from TG mouse hearts. All experiments were carried out according to the guidelines laid down by the Washington State University Institutional Animal Care and Use Committee. Left ventricular papillary muscle fiber bundles from freshly dissected mouse hearts were used for detergent-skinned muscle fiber experiments. Mice were anesthetized with pentobarbital sodium (50 mg/kg body wt), and the hearts were rapidly excised and placed into ice-cold high relaxing (HR) solution containing (in mM) 20 MOPS, pH 7.0, 53 KCl, 10 EGTA, 6.81 MgCl 2, 5.35 Na2ATP, and 0.5 dithiothreitol (DTT). The total ionic strength of HR was 150 mM. A cocktail of protease inhibitors containing (in M) 10 leupeptin, 1 pepstatin, and 100 PMSF was included in the buffer. Papillary muscles were dissected into thin bundles approximately 150 -200 m in width and 1.5-2.0 mm in length. Chemical skinning of the muscle fiber bundles was accomplished by bathing the fibers overnight in HR solution containing 1% Triton X-100.
Simultaneous measurement of steady-state isometric force and ATPase activity in detergent-skinned muscle fiber bundles from TG mouse hearts. For simultaneous measurement of force and ATPase activity, a system described by de Tombe and Stienen (7) and Stienen et al. (35) was used. The procedure for measuring force and ATPase was as described previously (5, 7). The composition of activating and relaxing solutions was based on a computer program (10) The ATPase activity of the muscle fiber bundle was measured by an enzyme-coupled assay as described previously (5, 7, 35) . For ATPase measurements, the activation buffer included 0.9 mM NADH, 5 mM NaN 3, 10 mM phosphoenolpyruvate, 4 mg/ml pyruvate kinase (500 U/mg), and 0.24 mg/ml lactate dehydrogenase (870 U/mg). ATPase activity in the detergent-skinned muscle fiber bundles was measured as follows: ATP regeneration from ADP was coupled to the breakdown of phosphoenolpyruvate to pyruvate and ATP catalyzed by pyruvate kinase, which was linked to the synthesis of lactate catalyzed by lactate dehydrogenase. The breakdown of NADH, which is proportional to the amount of ATP consumed, was measured online by UV absorbance at 340 nm. The ratio of light intensity at 340 nm (sensitive to NADH concentration) to the light intensity at 410 nm (reference signal) was obtained by means of an analog divider. After each recording, the UV absorbance signal of NADH was calibrated by multiple rapid injections of 0.25 nmol of ADP into the bathing solution, with a motor-controlled calibration pipette.
Gel electrophoresis and Western blot analysis of myofibrillar protein preparations from TG mouse hearts. Protein samples from TG mouse hearts were prepared, and 30 g of protein/lane was run on 12.5% SDS-polyacrylamide gels, as described previously (4). The protein concentration was determined by using a Bio-Rad detergentcompatible (DC) protein assay kit. Proteins were transferred onto nitrocellulose for Western blot analysis using an anti-mouse primary antibody against the c-myc tag, as described previously (36) .
Data analysis. All data are expressed as means Ϯ SE. Data from the normalized pCa-force and pCa-MgATPase activity measurements were fitted to the Hill equation by using a nonlinear least-square regression procedure to obtain the pCa 50 (pCa required for halfmaximal activation) and the Hill coefficient (n). pCa values were converted to Ca 2ϩ concentration ([Ca 2ϩ ]) to calculate the fold increase in Ca 2ϩ sensitivity of TG muscle fibers containing mutant cTnT. Statistical differences were analyzed by an unpaired t-test, with each TG mutant fiber individually paired with WTTG fiber.
RESULTS
Generation of TG mice. Codon 92 (R92) in hcTnT represents a hot spot for mutations in hcTnT because three different mutations have been found at this site (40) . Each of these mutations (R92Q, R92L, and R92W) is lethal in humans (39) . Because R92 is conserved among all known sequences of troponin T, it is likely that R92 represents a structurally/or functionally important regions in cTnT. Different lines of TG mice overexpressing WTTG, R92W, R92L, and Delta-160 mutant mouse cTnT were generated as described previously (36) . We used WTTG that expressed nearly 50% of mouse WT mouse cTnT in the heart (5, 26, 36) . In both R92W and R92L TG mice hearts, the amount of mutant cTnT was approximately 50 -55% of the total myocellular cTnT. In Delta-160 TG line, the amount of mutant cTnT was approximately 30 -35% of the total cTnT.
Western blot analysis of proteins from mouse heart muscle preparations. Western blot analysis of myofibrillar protein preparations from various TG mouse hearts is shown in Fig. 1 . As previously demonstrated (36), the total amount of cardiac muscle cTnT remained unaltered when WT cTnT transgene was overexpressed. This feature is common to other TG animals that are used in this study. All cTnT constructs were tagged with the c-myc epitope that enabled us to quantitate the amount of exogenous protein expressed in the TG mouse heart.
We have previously demonstrated that the presence of the c-myc epitope at the NH 2 terminus of mouse cTnT and the transgene (WT cTnT) expression had no undesired effect on mouse cardiac sarcomere structure or the intact heart function (5, 36). In our previous study, we demonstrated that expression of 67% or 92% of R92Q mouse cTnT in the mouse heart caused an increase in Ca 2ϩ sensitivity, hypercontractility, diastolic dysfunction, and impaired relaxation, which are the hallmarks of FHC in humans (5, 26, 36) . In the present study, we have extended our investigation of FHC with the study of three new lines of TG mice that overexpress R92W, R92L, and Delta-160 mutant cTnT in the mouse heart. R92W TG mouse hearts are ϳ14% smaller than controls; myocytes exhibit moderate to severe disarray and little fibrosis. R92L TG mouse hearts are ϳ10% larger than controls; myocytes exhibit mild to moderate myofibrillar disarray and no significant fibrosis. Delta-160 TG mouse hearts are slightly smaller than those of R92W TG mice. Myocytes from Delta-160 TG mouse hearts show moderate myofibrillar disarray, without any significant fibrosis (Refs. 8 and 9; Ertz-Berger BR, He H, Dowell C, Factor SM, Haim TE, Nunez S, Schwartz SD, Ingwall JS, and Tardiff JC, unpublished observations).
Ca 2ϩ sensitivity of myofilament activation in detergentskinned mouse cardiac muscle fiber bundles. Even though there are differences in phenotypes, many of the FHC mutations studied so far indicate that an increase in myofilament Ca 2ϩ sensitivity is common to these mutations. Therefore, something other than myofilament Ca 2ϩ sensitivity is altered in some mutations that may be responsible for distinct phenotypes. To determine the molecular basis for differences in phenotypes of R92W, R92L, and Delta-160 TG mouse hearts, we measured the effects of these mutations on myofilament Ca 2ϩ sensitivity, Ca 2ϩ -activated maximal tension, ATPase activity and the tension-dependent ATP consumption in muscle fiber bundles from TG mouse hearts. Figure 2 demonstrates the impact of cTnT mutations on the length-dependent activation of muscle fiber bundles from WTTG, R92W, R92L, and Delta-160 TG mouse hearts. The relationship between the steady-state isometric tension and pCa were compared at both short (1.9 m) and long sacromere lengths (SL; 2.3 m), respectively. When pCa-tension relations of WTTG cardiac muscle fibers measured at short SL were compared with those of mutant TG muscle fibers, there was a significant (P Ͻ 0.0001) increase in Ca 2ϩ sensitivity, indicated by a 2.2-fold increase in R92W, 2.0-fold increase in R92L, and 1.3-fold increase in Delta-160 TG muscle fibers. pCa-tension relations 2ϩ -activated maximal tension was measured in activation buffer (pCa 4.3, pH 7.0) that contained (in mM) 31 potassium propionate, 5.85 Na2ATP, 7.11 MgCl2, 20 CaEGTA, 100 BES, pH 7.0, 10 NaN3, as well as (in M) 10 leupeptin, 1 pepstatin, 10 oligomycin, and 100 PMSF. The ionic strength was 200 mM. E, WTTG muscle fibers; F, R92W TG muscle fibers; OE, R92L TG muscle fibers; ‚, Delta-160 TG muscle fibers. A: pCa-tension relation when resting sarcomere length (SL) was adjusted to 1.9 m. B: pCa-tension relation when resting SL was adjusted to 2.3 m. pCa50 and Hill coefficient (n) values derived from the nonlinear fits are listed in Table 1 . No. of determinations is at least 9 for each case. Data points are means and the error bar represents SE. measured at long SL also suggested a significant (P Ͻ 0.0001) increase in Ca 2ϩ sensitivity of all mutant TG cardiac muscle fibers. At SL of 2.3 m, Ca 2ϩ sensitivity increased by 2.5-fold in R92W, 2.0-fold in R92L, and 1.3-fold in Delta-160 TG muscle fibers. The magnitude in pCa 50 shift (from 1.9-to 2.3-m SL) produced by all TG cardiac muscle fibers was similar compared with that of WTTG fibers, which indicated that length-dependent changes in Ca 2ϩ sensitivity were not altered in any of the TG mouse cardiac muscle preparations tested (Table 1) . Figure 3 illustrates the relationship between the Ca 2ϩ -activated ATPase activity and the steady-state isometric tension in detergent-skinned fiber bundles from WTTG, R92W R92L, and Delta-160 TG muscle fibers. Ca 2ϩ -activated ATPase activity increased in proportion to the isometric tension development. When pCa-ATPase relations of WTTG cardiac muscle fibers measured at short SL were compared with those of mutant TG muscle fibers, there was a significant (P Ͻ 0.001) increase in Ca 2ϩ sensitivity, indicated by a by 2.2-fold increase in R92W, 2.1-fold increase in R92L, and 1.3-fold increase in Delta-160 TG muscle fibers (Table 2) . pCa-ATPase relations measured at long SL also suggested a significant (P Ͻ 0.001) increase in Ca 2ϩ sensitivity of all mutant TG cardiac muscle fibers. At SL of 2.3 um, Ca 2ϩ sensitivity increased by 2.5-fold in R92W, 2.0-fold in R92L, and 1.3-fold in Delta-160 TG muscle fibers. Here again, the magnitude in pCa 50 shift (from 1.9-to 2.3-m SL) produced by all fibers was similar compared with that of WTTG muscle fibers, which indicated that length-dependent increase in Ca 2ϩ sensitivity was not altered by R92W, R92L, and Delta-160 mutations in cTnT. There were no significant differences in Hill coefficient values between WTTG, R92W, and Delta-160 TG muscle fibers in both pCa-tension and pCa-ATPase relationships. However, the Hill coefficient values for R92L TG muscle fibers were significantly different from WTTG fibers in all measurements and at both short and long SL.
Ca 2ϩ -activated maximal tension in detergent-skinned mouse cardiac muscle fiber bundles. The effect of mutations in cTnT on Ca 2ϩ -activated maximal tension and ATPase activity was tested in muscle fiber bundles from WTTG, R92L, R92W, and Delta-160 TG mouse hearts at short and long SL. None of the mutant cTnT TG muscle fibers had any significant impact on Ca 2ϩ -activated maximal tension at both short and long SL ( There were no significant differences in Ca 2ϩ -activated maximal ATPase activity of WTTG, R92W, and R92L TG muscle fibers (Table 3) . However, Ca 2ϩ -activated maximal ATPase activity of Delta-160 TG muscle fibers was significantly higher than WTTG muscle fibers at both short and long SL. At SL of 1.9 m, Ca 2ϩ -activated maximal ATPase activities were 264 Ϯ 7, 277 Ϯ 17, 261 Ϯ 8, and 300 Ϯ 10 pmol⅐l Ϫ1 ⅐s Ϫ1 for WTTG, R92W, R92L, and Delta-160 TG muscle fibers, respectively. At SL of 2.3 m, Ca 2ϩ -activated maximal ATPase activities were 320 Ϯ 8, 334 Ϯ 15, and 341 Ϯ 10, and 371 Ϯ 10 pmol⅐l Ϫ1 ⅐s Ϫ1 for WTTG, R92W, R92L, and Delta-160 TG muscle fibers, respectively. Values are means Ϯ SE. Data from the normalized pCa-force measurements were fitted to the Hill equation by using a nonlinear least square regression procedure to derive the pCa50 and Hill coefficient (n) values. R92W, R92L, and Delta-160 mutations in cardiac troponin T (cTnT) increase Ca 2ϩ sensitivity in cardiac muscle fiber bundles at both short and long sarcomere lengths (SL). Transgenic (TG) mice express wild-type cTnT (WTTG), the R92L mutation in cTnT (R92L), the R92W mutation in cTnT (R92W), or the deletion of E160 in cTnT (Delta-160), respectively. *P Ͻ 0.001. Fig. 3 . Normalized pCa-ATPase relationship in detergent-skinned cardiac muscle fibers. Experimental conditions are given in METHODS. The buffer included, in addition to the buffer conditions mentioned in Fig. 2 legend, 0.9 mM NADH, 10 mM phosphoenolpyruvate, 4 mg/ml pyruvate kinase (500 U/mg), 0.24 mg/ml lactate dehydrogenase (870 U/mg). E, WTTG muscle fibers; F, R92W TG muscle fibers; OE, R92L TG muscle fibers; ‚, Delta-160 TG muscle fibers. A: pCa-ATPase relation at SL of 1.9 m. B: pCa-ATPase relation at SL of 2.3 m. No. of determinations is at least 9 for each case. Data points are means and the error bar represents SE. pCa50 and Hill coefficient (n) values derived from the nonlinear fits are listed in Table 2 .
Impact of mutations in cTnT on tension-dependent ATP consumption.
The slope of force-ATPase relations is widely accepted as an index of rate of cross-bridge detachment (3, 17) . Therefore, we simultaneously measured steady-state isometric force and ATPase activity at different [Ca 2ϩ ] in detergentskinned muscle fiber bundles from TG mouse hearts. Data were fitted using a linear regression analysis as shown in Fig.  4 . Mean slope values from linear fits for several muscle fiber bundles from WTTG, R92W, R92L, and Delta-160 TG mouse hearts are summarized in Table 4 . The mean slope values of the tension-ATPase relations were significantly different only for the Delta-160 TG muscle fibers (Table 4 ). This significant change in tension cost corresponded to ϳ23% (P Ͻ 0.005) increase at short SL and 37% (P Ͻ 0.0001) at long SL in Delta-160 TG muscle fibers. This demonstrated that Delta-160 TG muscle fibers consumed more ATP for a given amount of tension at both short and long SL.
DISCUSSION
Humans afflicted with FHC show significant variability in phenotypes, which makes it difficult to categorize different mutations into benign and malignant. How different mutations in cTnT translate into distinct secondary downstream cellular effect remains elusive. Most of the studies aimed at understanding primary changes in muscle function have shown that increased myofilament Ca 2ϩ sensitivity is common to FHClinked mutations. However, some of these mutations lead to distinct hypertrophy (R92L, R92W) and some show little or no signs of hypertrophy (Delta-160), although sudden death is common in these examples. It is possible that some of these mutants impact other aspects of muscle function, in addition to an enhancement in Ca 2ϩ sensitivity, which has a bearing on other secondary myocellular changes. To provide new insight into the mechanisms by which different mutations in cTnT lead to distinct phenotypes, we have measured tension-dependent ATP consumption, and Ca 2ϩ activation of muscle fibers from TG mice that overexpress R92L, R92W, and Delta-160 mutant cTnT in the heart.
Enhancement of myofilament Ca 2ϩ sensitivity in R92W, R92L, and Delta-160 TG mouse cardiac muscle fiber bundles. It is now apparent that an enhancement of thin filament Ca 2ϩ sensitivity is common to many of the mutations associated with FHC. This provides a molecular basis for hypercontractility that is commonly observed in human patients and in studies with TG mouse models. All three TG lines we tested in this study show a significant increase in Ca 2ϩ sensitivity of cardiac thin filaments. The mechanism by which mutations in cTnT alter Ca 2ϩ activation of thin filaments has been linked to either an inefficient binding of improperly folded mutant cTnT or a direct effect of mutation on the Tn complex or through mutant cTnT impact on actin-Tm. TG studies of R92Q, R92W, and R92L mutations suggest that the mutation-induced alterations in protein structure have no major impact on their ability to bind to thin filaments. Nearly 90% of R92Q, 50% of R92W, and R92L are stably incorporated into the thin filaments, and Ca 2ϩ -activated maximal tension in all of these fibers is not altered. When expressed in substantial quantity (as in R92W, R92L, and Delta-160 TG mouse hearts), any improper folding of the mutant would likely result in myofilament structural disruptions, which were not observed in TG myofilaments that stably incorporated cTnT mutants.
Our previous work on another TG mouse model for FHC suggested that R92Q mutation in cTnT enhances Ca 2ϩ sensitivity of thin filaments by decreasing the threshold for Ca 2ϩ activation (5). This would imply that both R92W and R92L mutations may also work by altering cTnT-Tm interactions, which leads to a partial disinhibition of actin monomers underneath the Tn-Tm complex. The idea that R92W and R92L mutations may alter Tm-dependent function of cTnT is supported by Palm et al. (29) , who used hcTnT peptides and cosedimentation assay to measure the binding between hcTnT 70 -170 -Tm and actin (29) . Their study showed that mutations in this region (near codon 92) decreased hcTnT 70 -170 impact on Tm binding to actin. This weakening of Tm interaction with actin makes the Tn-Tm complex less inhibitory, which leads to greater force at submaximal [Ca 2ϩ ] when increasing number of cross bridges bind cooperatively to actin. However, none of the mutant TG muscle fibers showed any Values are means Ϯ SE. Data from the normalized pCa-ATPase measurements were fitted to the Hill equation by using a nonlinear least square regression procedure to derive the pCa50 and Hill coefficient (n) values. R92W, R92L, and Delta-160 mutations in cTnT increase Ca 2ϩ sensitivity in cardiac muscle fiber bundles at both short and long SL. *P Ͻ 0.01. Figs. 2 and 3 legends. Tension and ATPase activity were measured online as described previously (5, 7, 35) . Number of determinations is 14 muscle fibers for WTTG, 9 muscle fibers for R92W, 10 muscle fibers for R92L, and 12 muscle fibers for Delta-160. Delta-160 mutation in cTnT increases ATPase activity in cardiac muscle fiber bundles at both short and long SL. *P Ͻ 0.01. increase in the Hill coefficient values (Table 1) . On the other hand, R92L TG muscle fibers showed a significant decrease in the Hill coefficient values at both short and long SL. Hinkle and Tobacman (16) showed that the mutation-induced impact on the flexibility of TnT tail domain affected Tn binding Tm but had no significant effect on actin interaction with the Tn-Tm regulatory complex. Unlike the mutations at position 92 of cTnT, Delta-160 mutation did not impair the cTnT ability to stabilize Tm head-to-tail overlap (25, 26) . Overall, these observations suggest that it is difficult to ascertain whether there is a straightforward link between mutation-induced increase in myofilament cooperativity and thin filament Ca 2ϩ sensitivity.
Impact of mutation in cTnT on increase in tension-dependent ATP consumption: implications for altered cross-bridge cycling kinetics. Our observations with R92W, R92L, and Delta-160 TG mice demonstrate that these mice show different phenotypes despite the fact that all of the TG muscle fibers exhibited an enhancement in myofilament Ca 2ϩ sensitivity. Delta-160 TG mice show a relatively more severe phenotype than R92L and R92W both at the TG mice level and in humans. This is a classic example of two different mutations in cTnT with similar effect on myofilament Ca 2ϩ sensitivity that lead to distinct phenotypes in TG cardiac myocytes and in humans. Because cTnT-related FHC is a disease that starts at the myofilament level, it is possible that these different mutations affect myocyte function in more than one way that is unique to each mutation. To test this hypothesis, we determined the effect of cTnT mutations (Delta-160, R92L, and R92W) on the tension-dependent ATP consumption in detergent-skinned TG muscle fiber bundles. An interesting observation is that the tension-dependent ATP hydrolysis increased only in Delta-160 TG muscle fibers at both short (24% increase) and long (37% increase) SLs, suggesting that crossbridge detachment rate constant is altered by the Delta-160 mutation in cTnT. The change in the rate of ATP hydrolysis reflects a change in cross-bridge cycling kinetics (3). The increase in ATP consumption must be due to an increase in intrinsic rate of ATP hydrolysis because there was no significant change in maximal tension at both short and long SL.
Our data suggest that an alteration in cTnT is capable of modulating cross-bridge cycling kinetics. How Tn may enhance cross-bridge detachment rate is not well understood. Mutations in cTnT could alter cross-bridge cycling kinetics by altering the state of actin monomers so that the kinetics of myosin head binding to actin is altered. In the presence of TnT, Tm binds strongly to actin, and, therefore, TnT has the potential to impact actin (32, 38) . There are some data suggesting Fig. 4 . Relationship between steady-state isometric tension and ATPase activity in detergent-skinned muscle fiber bundles from TG mouse hearts. Buffer and experimental conditions are as described in Figs. 2 and 3 legends. Steady-state isometric tension and ATPase were measured simultaneously as described previously (6) . Simultaneous measurements of force and ATPase activity were carried out at different pCa values, and data were fitted using a linear regression analysis. ) and B (SL of 2.3 m) represent 1 set of data for WTTG, R92W, R92L, and Delta-160 TG muscle fibers. Mean slope values from linear fits of 14 muscle fibers for WTTG, 9 muscle fibers for R92W, 10 muscle fibers for R92L, and 12 muscle fibers for Delta-160 fibers are listed in Table 4 . Values are means Ϯ SE. ATPase measurements were made at different pCa values, and data were fitted using a linear regression analysis as described in Fig.  4 legend. The slopes of tension-ATPase relationships (in pmol⅐mN Ϫ1 ⅐mm Ϫ1 ⅐s Ϫ1 ) are mean values calculated from linear fits (see Fig. 4 ) of 14 muscle fibers for WTTG, 9 muscle fibers for R92W, 10 muscle fibers for R92L, and 12 muscle fibers for Delta-160. Delta-160 TG muscle fiber bundles consume more ATP for a given amount of tension at both short and long SL. *P Ͻ 0.005, †P Ͻ 0.0001.
that TnT may interact directly with actin (6, 14) . Whether this is an indirect effect of TnT on actin through Tm or a direct effect of TnT on actin remains to be explored.
A link between hypercontractility and cardiac dysfunction suggests that the hearts under stress may not be able to meet the increased energy demand (5, 26, 34) . In the case of Delta-160 TG muscle fibers, even more stress is imposed on the cardiac myocytes because of an increase in the cost of force development. Chronic stress on relative cellular ATP pool in cardiac myocytes may cause a strain on energy-dependent Ca 2ϩ homeostatic mechanisms. This may lead to a pathological cardiac remodeling that we observed in Delta-160 where the ratio of sarco(endo)plasmic reticulum Ca 2ϩ -ATPase 2/phospholamban decreases (13) . We believe that the changes we observed in our TG mice are early changes that may eventually become more complicated with age. In failing human hearts, relative level of ATP and phosphocreatine (high-energy phosphate reserve) is lower (18) . Two independent 31 P NMR spectroscopy studies have demonstrated that increased ATP usage in TG mouse models for mutations in MHC (R403Q) and cTnT (R92Q) led to a decrease in ATP reserve when inotropically challenged (19, 20, 33) . If our observations are correct, in severely affected individuals, increased ATP usage, rise in MgADP, and P i would lead to ischemia and arrhythmia (22) . Interference with calcium reuptake in cardiac myocytes and acidosis may underlie increased vulnerability for arrhythmias under these circumstances. Knollman et al. (21, 22) have demonstrated that when I79N TG mice were inotropically stimulated with isoproterenol, there was a significant increase in sudden death due to arrhythmia.
